Background-Identification of intramural basal-septal ventricular tachycardia (VT) substrate is challenging in nonischemic cardiomyopathy. We sought to (1) characterize normal/abnormal trans-septal right ventricular (RV) to left ventricular activation; (2) assess the effect of opposite RV pacing on left ventricular septal bipolar electrograms (EGMs); and (3) establish criteria for the identification of intramural septal VT substrate. Methods and Results-Endocardial activation mapping and local EGM assessment of the left interventricular septum was performed during RV basal septal pacing in 40 patients undergoing VT ablation with no evidence of septal scar (group 1, n=14) and with septal scar (group 2, n=26) defined by low septal unipolar voltage (<8.3 mV) and delayed enhancement on cardiac MRI with/without abnormal bipolar voltage (<1.5 mV) in sinus rhythm. Left ventricular trans-septal activation time was prolonged in Group 2 compared with Group 1 (55.3±33.0 versus 25.7±8.8 ms; P=0.003). In 6 group 2 patients, left ventricular septal breakthrough was displaced to the scar border. During RV pacing, group 2 had fractionated (8.8%), late (2.8%), and split (5.7%) EGMs not seen in group 1. Trans-septal activation >40 ms (sensitivity 60%, specificity 100%; P<0.001) and EGM duration >95 ms during pacing (sensitivity 22%, specificity 91%; P<0.001) identified septal scar (13/26 pts). Conclusions-In patients with nonischemic cardiomyopathy, VT and septal scar, delayed transmural conduction time (>40 ms) and fractionated, late, split, and wide (>95 ms) bipolar EGMs during RV basal pacing identify intramural VT substrate. In select cases, the basal septum appears compartmentalized as the stimulated wavefront is rerouted to the scar border. (Circ Arrhythm Electrophysiol. 2013;6:1123-1130.) The online-only Data Supplement is available at http://circep.ahajournals.org/lookup/suppl/
M idmyocardial and epicardial ventricular tachycardia (VT) substrate in nonischemic cardiomyopathy (NICM) often exceeds that on the endocardium. [1] [2] [3] [4] [5] [6] The interventricular septum (IVS) may be variably involved, occurring as an isolated abnormality or in conjunction with perivalvular and free wall scar. 7 Although the precise reason for these scar patterns remains unclear, characterization of the arrhythmogenic substrate is both essential for successful ablation and challenging in this setting. A mapping technique that enables one to delineate the boundaries of intramural scar and that unveils midmyocardial zones of slow conduction, typically obscured during sinus rhythm (SR) bipolar mapping by neighboring healthy myocardium, can improve our ability to identify and potentially target critical components of the VT circuit.
Clinical Perspective on p 1130
We hypothesized that layered and patchy intramural fibrosis in the IVS region can cause varying degrees of transmural conduction delay and, in extreme cases, result in intramural conduction block. Such a finding could in theory support the concept of myocardial compartmentalization or separation of the ventricular myocardium into 2 electrically distinct chambers. To test this hypothesis, we developed a novel pacing maneuver involving catheters positioned opposite one another along the IVS (right ventricular [RV] and left ventricular [LV] aspect) in patients undergoing VT ablation. The primary objective of this study was to analyze the effect of nonischemic intramural scar on the timing and pattern of trans-septal propagation of a stimulated wavefront. In addition, we sought to determine whether a nonphysiological wavefront unmasks abnormal electrograms (EGMs) consistent with midmyocardial arrhythmogenic substrate not otherwise observed during endocardial SR mapping.
Methods

Patient Selection
Patients >18 years who underwent endocardial voltage mapping during ventricular premature depolarization (VPD)/VT ablation at the University of Pennsylvania from August 2011 to June 2012 were eligible. Patients with a history of myocardial infarction or significant coronary artery disease, congenital heart disease, primary valvular heart disease, or hypertrophic cardiomyopathy were excluded. Patients were classified into 2 groups: group 1 Controls: normal bipolar and unipolar septal voltage maps (>1 cm from the valvular annulus for unipolar EGMs) and no septal delayed enhancement (DE) on cardiac MRI when performed, and group 2 Septal scar: abnormally low unipolar septal voltage (>1 cm from the valvular annulus) with/without low bipolar voltage and abnormal septal DE on MRI (Figure 1 ). The study was approved by the University of Pennsylvania Institutional Review Board. All patients provided written informed consent.
Medical records were reviewed for baseline characteristics, clinical, and demographic data. Transthoracic echocardiograms performed in proximity to the ablation were used for LV measurements (median 1.0 day before, range 198 days before to 1 day after the procedure). Antiarrhythmic drugs were discontinued a minimum of 3 half-lives before ablation, with the exception of amiodarone in 18 patients (median 2.0 days before, range 1-14 days before the procedure; Table 1 ).
MRI Acquisition and Data Analysis
ECG-gated images were acquired on a 1.5-Tesla MRI scanner (Siemens Magnetom Avanto, Erlangen, Germany). Fifteen minutes after administration of 0.20 mmol/kg of IV gadolinium DTPA (diethylenetriaminepentaacetic acid; Magnevist, Berlex Pharmaceuticals, Wayne, NJ), 2-dimensional DE imaging was performed using an inversion-recovery sequence in the LV short and long axes. Inversion time (250-350 ms) was optimized to null the normal myocardium. Nonischemic scar was defined as focal or diffuse areas of DE in a distribution inconsistent with scar attributable to previous infarction. MRIs were reviewed by 2 independent observers blinded to the results of electroanatomic mapping. Discrepancies were resolved by consensus.
LV endocardial, epicardial, septum and scar contours were manually traced using 3-dimensional postprocessing software (Osirix, Geneva, Switzerland). Scar distribution was refined using a full width at half-maximum approach. All measurements were performed automatically using customized software on Matlab (Mathworks, Natick, MA). Endocardial, epicardial, and scar 3-dimensional surface contours were processed by the Visualization Toolkit (Kitware, New York) to more precisely correlate scar architecture with electroanatomic maps. Prespecified variables included septal scar volume and thickness, wall thickness, and distance from the endocardium to scar border. For scar distribution, the septum was divided into thirds from base to apex (basal, midwall, apex) and from LV to RV (LV endocardium, intramural, and RV endocardium).
Mapping Protocol
Catheter mapping was performed in the postabsorptive state under conscious sedation or general anesthesia. A phased-array intracardiac echocardiography catheter (AcuNav, Siemens, Mountain View, CA) was deployed in the RV to assess catheter contact and monitor for complications. Electroanatomic mapping was performed in the baseline rhythm through the CARTO system (Biosense Webster, Diamond Bar, CA) and a 3.5-mm tip open irrigated catheter (NaviStar ThermoCool, Biosense Webster) or a nonirrigated 4-mm catheter (NaviStar, Biosense Webster). Electrograms (EGMs) were displayed at 200 mm/s sweep speed and stored for offline analysis. Standardized filtering was used (Bipolar 16-500 Hz; Unipolar 2-240 Hz), except for 2 group 2 patients who required preprocedure modification to improve signal:noise ratio (1 patient bipolar filtered 30-240 Hz; 1 patient bipolar filtered 30-500 Hz; and unipolar filtered 1-240 Hz). Acquired EGMs were reconstructed into 3-dimensional voltage maps and scar surface area measured with the incorporated CARTO software. Mapping density was sufficient to allow complete surface reconstruction. Previously established cutoffs were used to define normal RV/LV bipolar and unipolar voltage. 4, 8, 9 Pacing Protocol and Activation Mapping A confluent area of septal unipolar EGM abnormality and area of DE on MR defined the area of interest for the pacing protocol. An RV quadripolar catheter was positioned at the center of the unipolar/MR abnormality at the RV basal septum, ensuring stable catheter position and pacing capture. In controls, the RV catheter was standardized to the basal RV septum, ≈2 to 3 cm apical to the anatomic location of the His-bundle region. The LV mapping catheter was then positioned along the LV side of the IVS directly opposite the RV catheter as seen by orthogonal fluoroscopy, intracardiac echocardiography, and on the CARTO mapping system (3.0 system version 2.3; Figure 2 ). Bipolar pacing at a fixed cycle length of 600 ms was performed from RV tip to ring just above threshold. When the subject's underlying heart rate was faster than 600 ms, pacing at 500 ms was used.
Local activation time during RV pacing was determined by measuring the recorded EGM signal on the distal bipole of the LV mapping catheter. For convenience, local activation time was annotated from the RV stimulation artifact to the onset of the first high-frequency deflection of the bipolar EGM ( Figure 2 ). Where a clear determination of precise local activation was precluded by very low signal amplitude (<0.2 mV), long duration (>133 ms), and multicomponent EGMs, these points were excluded from activation maps and mapped as location only. For split EGMs, the early, lower frequency deflection was considered far-field and the late higher-frequency deflection was taken to represent local activation. 10 Each point was analyzed by 2 independent reviewers.
The earliest activation point was taken to be the LV breakthrough. Multiple breakthrough sites were defined by 2 discrete anatomic sites demonstrating <10 ms difference in time, separated by ≥2 cm. 11 The LV septal EGM directly opposite the RV pacing site was used to determine the trans-septal activation time. Activation patterns were classified into 2 groups. (1) Direct: LV breakthrough directly opposite the RV pacing site and (2) Disrupted or compartmentalized: LV breakthrough not directly opposite the RV pacing site and separated by ≥4 cm along the plane of the septum.
EGM Analysis
Offline, bipolar EGMs recorded from the LV septum during SR and RV pacing were quantitatively and qualitatively assessed. Prespecified variables included amplitude, duration, amplitude/duration ratio, wide, split, late, and fractionated EGMs. EGMs were measured using electronic calipers. Patients with ventricular paced rhythms at baseline (3 group 1, 9 group 2) were excluded from SR analysis but were included in the pacing analysis. Peak-to-peak EGM amplitude was measured automatically within the annotation window. EGM duration was measured from EGM onset of the first deflection to the EGM offset. Comparable septal regions were analyzed during pacing and SR.
Previously published EGM definitions were used. (1) normal: >1.5 mV amplitude, <80 ms duration; (2) wide: >80 ms duration; (3) split: EGMs with ≥2 distinct components separated by >20 ms isoelectric segment between peaks of individual components; (4)isolated late: discrete high-frequency potential occurring after the surface QRS and separated from the initial ventricular EGM (when present) by >20 ms; and (5) fractionated: multicomponent signals <0.5 mV amplitude, ≥133 ms duration. 3, [12] [13] [14] Late EGMs consistent with retrograde His or far-field atrial EGMs were excluded from our analysis.
Statistical Analysis
Continuous variables are reported as mean±SD. Categorical data are presented as number of cases or percentages. The Kolmogorov-Smirnov test was used to test for normality. For comparison of continuous variables between 2 groups, an unpaired Student t test was performed for normally distributed variables and a Mann-Whitney U test for non-normal data. Categorical variables were analyzed using Fisher exact or χ 2 tests. For EGM analysis, a linear mixed effects model was used to account for repeated measurements performed on each subject. The Sidak method was used to correct for multiple testing for pairwise comparisons made between groups. Weighting to the relative number of points obtained within individual subjects was performed. For analysis of data with unequal sample sizes or unequal variances between groups, a Welch t test was used.
A prespecified subgroup analysis was performed by dividing the sample into 3 groups: (1) controls (n=14); (2) unipolar abnormality suggesting midmyocardial scar but normal bipolar voltage opposite the pacing site (bipolar voltage [BP]−/unipolar voltage [UNI]+, n=11); and (3) abnormal UNI and BP opposite the pacing site (BP+/ UNI+, n=15). ANOVA was used to assess between group differences with a post hoc Bonferroni correction. Pearson correlations were estimated between selected continuous variables. A P≤0.05 was considered statistically significant. Statistics were performed on SPSSv16.0 statistical software (SPSS, Chicago, IL).
Results
Ninety-four patients of 234 patients undergoing VPD/VT ablation between August 18, 2011, and June 31, 2012, met eligibility criteria. Of those, 40 patients were recruited. Twenty-six patients had an NICM with a septal voltage abnormality, comprising group 2. Six other patients with NICM and no septal scar were included in the control arm (group 1). The remaining group 1 patients included 8 patients with structurally normal hearts. Of the 54 patients who met eligibility criteria but who were not included in this article, 3 patients had the pacing protocol performed incorrectly at the apical aspect of the septum, and they were thus eliminated from analysis. One patient with RV cardiomyopathy was studied but removed from analysis because of the unique pathophysiology of scar formation in this disease. The remaining 50 patients either declined to participate or the operating electrophysiologist was reluctant to perform the detailed protocol. Of the 140 patients excluded, 62 patients had coronary artery disease, 37 patients had RV mapping only, 27 patients underwent LV activation mapping 
Electroanatomic Mapping and Transmural Activation
Results of voltage and activation mapping are listed in Table 2 . Transmural conduction in group 1 was uniformly rapid (25.7±8.8 ms), with a direct transmural activation pattern and LV breakthrough opposite the RV pacing stimulus. In group 2, earliest LV breakthrough time (42.9±18.1 ms; P=0.002) and LV activation time directly opposite the RV pacing stimulus were prolonged (55.3±33.9 ms; P=0.003). Directly opposite LV septal activation time >40 ms (16/26 group 2 pts) was 100% specific for intramural septal scar (sensitivity, 60%; area under the curve=0.85; confidence interval, 0.72-0.96; P<0.001; Figure 3 ). In a subgroup analysis of patients with/without IVS bipolar scar, transmural activation times were longest in BP+/UNI+, intermediate in BP−/UNI+, and shortest in controls (70.9±36.2 versus 34.2±13.4 versus 25.7±8.8 ms, ANOVA; P<0.001).
We observed a compartmentalized septal activation pattern in 6 out of 26 (23%) group 2 patients. In 5 patients, breakthrough occurred at the apical edge of the scar border ( Figure 4 ). One of these patients had a second breakthrough site at the inferoseptal scar border with wavefronts coalescing at the basal septum. In 1 patient, simultaneous breakthrough occurred at the inferoseptal and anteroseptal borders, which merged before spreading toward the apical septum. Patients with disrupted pattern of trans-septal activation possessed larger MRI-defined septal scar volume (17.5±5.0 versus 9.5±5.5 cm 3 ; P=0.02) and thicker intramural scar (5.3±1.2 versus 4.1±0.6 mm; P=0.02) than those with delayed but direct transmural activation during pacing.
RV voltage mapping was performed in 15 patients (6 group 1, 9 group 2). In the group 2 patients, low RV septal bipolar voltage was present in 5 out of 9 patients. Low RV septal unipolar abnormalities were observed in all 9 patients ( Table 2 ). RV bipolar (P=0.02) and unipolar (P=0.002) voltage at the pacing site was significantly lower in group 2 than group 1. RV bipolar voltage at the pacing site did not correlate with trans-septal conduction time (r 2 =−0.31; P=0.24). RV unipolar voltage at the pacing site was inversely correlated with trans-septal conduction time (r 2 =−0.54; P=0.03). In the LV, 15 out of 26 group 2 patients had areas of low septal bipolar voltage, and all 26 patients had regions of low septal unipolar voltage ( Table 2 ). LV bipolar (P=0.02) and unipolar voltage (P=0.002) opposite the RV pacing site was significantly lower in group 2 than in group 1. LV activation time directly opposite the RV pacing site inversely correlated with SR unipolar voltage at that site (r 2 =−0.56; P<0.001), but only weakly correlated with bipolar voltage (r 2 =−0.38; P=0.02).
Additional Subgroup Analyses
There was no significant difference in trans-septal time between patients on or off antiarrhythmic drugs in group 1 or group 2 patients (P=0.86 and P=0.73, respectively). Trans-septal conduction time and IVS diastolic wall thickness were not significantly correlated (r 2 =0.12; P=0.49). A subgroup analysis of patients with MRIs of sufficient quality for quantitative analysis (7 group 1, 15 group 2) revealed prolonged trans-septal conduction time in patients with MRI-defined scar compared with those without MRI-defined scar (59.7±41 versus 25.9±7.4 ms; P=0.05). In a subgroup analysis of cases with an RV pacing site ≈2.0 to 3.5 cm from the His-bundle recording (14 group, 17 group 2), there was a significantly increased trans-septal conduction time in group 2 versus group 1 (61.5±39.5 versus 25.7±8.8 ms; P=0.002). Finally, when analyzing patients undergoing their first procedure (10 group 1, 12 group 2), there was a significantly longer trans-septal time in group 2 compared with group 1 (44.6±14.9 versus 24.5±10.2 ms; P=0.002).
MRI Quantification of Scar
Cardiac MRIs from 15 group 2 patients with high quality scans were available for quantitative analysis (Table 3) . Notably, intramural scar was more common than RV or LV endocardial scar, and in the long axis, the basal septum was the most commonly affected location. No patients in group 2 had MRI-defined scar that extended from base to apex, although 5 apices were excluded because of implantable cardioverter defibrillator lead artifact. Patients with a disrupted trans-septal pattern were more likely to exhibit scar extending from the base to mid-LV on MRI ( Figure 5 ).
EGM Analysis
In group 1, there were no significant differences in EGM amplitude (P=0.82), duration (P=0.07), or amplitude/duration Table I in the online-only Data Supplement). There was a significant increase in wide EGMs (6% versus 16%; P=0.007) during pacing but no fractionated, late, or split EGMs were recorded ( Figure IA in the online-only Data Supplement). Within group 2, there was no significant difference in EGM amplitude during pacing (n=910) compared with SR (n=418), but there was a significant increase in EGM duration (64.2±19.3 versus 82.8±36.6 ms; P=0.004) and a decrease in amplitude/duration ratio (0.08±0.06 versus 0.05±0.05 mV/ ms; P=0.01) during pacing compared with SR ( Table I in the  online-only Data Supplement) . Bipolar EGM duration >95 ms during pacing had high specificity for septal scar (sensitivity, 22%; specificity, 91%; area under the curve=0.63; confidence interval, 0.60-0.66; P<0.001). In group 2, there was a significant increase in fractionated (0.9% versus 8.8%; P=0.003) and split EGMs (0.2% versus 5.7%; P<0.001) during pacing compared with SR ( Figure IA in the online-only Data Supplement). On subgroup analysis ( Figure IB in the online-only Data Supplement), even in the absence of bipolar defined scar (BP−/UNI+), there was a significant increase in fractionated (0% versus 2.3%; P=0.04), late (0% versus 3.1%; P=0.02), and wide EGMs (16.5% versus 22.8%; P=0.01) recorded during pacing compared with SR. During pacing, there was also an increase in fractionated (0% versus 2.3%; P=0.003), late (0% versus 3.1%; P=0.001), and split (0% versus 1.2%; P=0.001) EGMs in patients with isolated intramural scar (BP−/UNI+) compared with controls (BP−/UNI−; Figure IB in the online-only Data Supplement).
Clinical Arrhythmias
In group 1, 8 out of 14 patients had isolated VPDs targeted (Table 1) . Three patients had sustained VT, and 3 patients had no spontaneous or inducible clinical VPDs/VT. The basal septum was not targeted in group 1. In group 2, the clinical arrhythmia was more commonly sustained VT rather than isolated VPDs (P=0.007; Table 1 ), and there were 86 induced or spontaneous VPDs/VTs identified. Fifty-two VTs were unmappable because of hemodynamic intolerance. Of the 34 VPDs/VTs that were mapped using conventional techniques, 17 (50%) VPD/VTs were localized to the IVS. Of those 17 
Transmural Time/Patterns
Transmural activation has been investigated in patients with coronary disease; however, little is known about transmural activation in NICM. 15 Vassallo et al 11 found a transmural time of 26±14 ms during RV pacing in healthy controls similar to our results. Contrary to the shorter LV breakthrough time in patients with anterior infarction, we found trans-septal conduction was delayed in patients with NICM. More recently, in arrhythmogenic RV cardiomyopathy, intramural/subepicardial fibrosis was shown to produce disruption of direct transmural activation in the RV free wall and result in independent layered sinus activation of the epicardium from the scar border. 16 Our observations may represent an analogous finding in the IVS, such that the left IVS is electrically uncoupled or dissociated from the right IVS in selected cases. We speculate that the delayed transmural activation in the present study may be explained by (1) replacement of the extracellular matrix by interstitial fibrosis altering wavefront direction or slowing propagation; (2) myocyte disarray or changes in myocyte dimensions; and (3) changes at the cellular or molecular level. [17] [18] [19] Correlation of MRI and activation data indicates that patients with disrupted activation patterns had larger scar volume and thickness on DE-MRI than those with direct transseptal activation patterns.
Results from our subgroup analysis, with/without low bipolar voltage, suggest that while the presence of LV endocardial scar extension prolongs transmural conduction time and increases the proportion of abnormal EGMs during pacing, this phenomenon also occurs in those with isolated unipolar abnormalities. Cardiac MRI analysis revealed that septal scar distribution in this sample was predominantly intramural, with only a small rim of preserved RV/LV endocardium. Such an unusual pattern of scar distribution can result in normal bipolar EGMs in SR and failure to identify intramural arrhythmogenic substrate. It is in this setting that our pacing technique may be particularly useful for identifying midseptal scar and, in the future, potentially help to define substrate-based ablation targets in cases with hemodynamically untolerated septal VT.
Electrogram Interpretation During Pacing
A pacing wavefront directly adjacent to a suspected intramural/ transmural abnormality unmasked slow conduction obscured during SR bipolar voltage mapping. These findings are concordant with observations made in ischemic cardiomyopathy. 20 Not surprisingly, there was an increase in the number of wide EGMs in the control group during pacing compared with SR, likely because of the paced wavefront spreading obliquely via cell-to-cell conduction across the IVS. However, the emergence of abnormal late and split EGMs in the scar group likely reflects a more profound slowing and conduction block.
Limitations
This study is limited by small sample size and the opportunity for a type I error may have been inflated because of the number of statistical comparisons performed. Selection and referral bias may have been introduced by performing this study at a single center. This study constitutes a derivation cohort only, and further research is warranted to validate the diagnostic thresholds identified in receiver-operating characteristic analyses. Although activation times on the LV septum were used to infer transmural conduction during RV pacing, a lack of intramural electrodes precluded a more definitive determination of intramural paths of conduction. Twelve patients had underlying ventricular paced rhythms, limiting the number of SR EGMs that could be interpreted. Investigation of bidirectional trans-septal conduction with stable LV septal pacing was not pursued, primarily for reasons of patient safety. This study was not designed to evaluate the effect of cycle length, coupling interval and current strengthdependent delays. Instead, we used hemodynamically tolerated, slow continuous, and low output RV pacing in an effort to establish reference values. In patients who underwent previous catheter ablation, it is possible that previous lesion sets altered MRI findings, low voltage areas, and the number of abnormal EGMs recorded during SR and pacing. However, the number of patients with previous ablations was not significantly different between the groups, and the septum was not routinely targeted during previous procedures. Although a statistically significant increase in abnormal EGMs was identified during RV opposite pacing, the overall prevalence of abnormal EGMs was low. Use of the criteria described in this article may therefore require meticulous signal analysis to recognize uncommon but dramatic electrophysiological phenomena. Finally, our study was not designed to correlate EGM criteria with the likelihood of successful ablation of VT arising from the IVS.
Conclusions
Delayed transmural activation time (>40 ms), disrupted transmural activation patterns, long duration (>95 ms) electrograms and manifest fractionated/late/split EGMs during pacing adjacent to a midmyocardial septal abnormality identify intramural nonischemic VT substrate that may not be apparent on SR bipolar voltage mapping. Use of the septal activation mapping technique described in our study may demonstrate disrupted transmural activation or effective myocardial compartmentalization in a subset of patients with extensive nonischemic septal VT substrate.
